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T he gold standard treatment for cervical disc disease is anterior cervical decompression and fusion (ACDF). The well-documented potential complications of ACDF, including symptomatic adjacent-segment disease (ASD), pseudarthrosis, graft donor site morbidity, and instrumentation-related problems have led to the search for motion-preserving alternatives that will provide adequate motion segment stabilization while eliminating the problems encountered with ACDF. 4, 10, 14, 15, 18, 19 Recent results of several multicenter, prospective, randomized trials comparing cervical total disc replacement (TDR) implants with ACDF have demonstrated equivalence or superiority over ACDF with respect to clinical outcomes, reduced reoperation rates at the index level, and lower rates of revision for symptomatic ASD. 12, 21, 22, 30 Conservative estimates suggest that as many as 47% of patients requiring cervical spine surgery meet the strict inclusion criteria to be candidates for TDR. 2 Although TDR has been shown to reduce adjacent-level intradiscal pressures and provide a more physiological overall cervical but also index-and adjacent-level range of motion (ROM) while maintaining sagittal alignment, recent studies have also highlighted the potential limitations of TDR. 1, 3, [5] [6] [7] [8] Device subsidence with keel-and flange-based devices has led to the search for optimal interface mechanics between the device and bony endplate. 6, 17 Furthermore, clinical and finite element analysis kinematic studies have revealed that certain TDR designs may actually increase the loads experienced by the facet joints. 9, 16 As such, patients with facet arthrosis are currently not candidates for TDR devices. Facet joint stresses can also be exacerbated with poor implant positioning, thus highlighting how technical error in device placement may lead to a suboptimal outcome due to facet joint arthrosis despite excellent neural decompression. 9, 25 Consequently, there may be a role for a motion-preserving strategy that acts as a bridge between rigid fixation achieved with fusion and potentially nonphysiological, position-dependent motion provided by TDR that may exacerbate facet degeneration. 28 The concept of dynamic cervical stabilization was introduced by the first author (G.M.) in 2004 as a treatment approach that aimed to facilitate controlled, limited indexlevel motion to prevent transfer of stresses to adjacent levels, while also aiming to minimize motion that may exacerbate facet joint stresses. 13, 28 By limiting axial rotation and lateral bending, motion that significantly contributes to facet forces, and by only allowing limited subaxial flexion and extension, the Dynamic Cervical Implant (DCI; Paradigm Spine) allows for motion-preservation while limiting stresses applied to the posterior elements. 28 In contrast to other motion-preserving implants, the device functions as a shock absorber and allows for axial compression in flexion and limited extension and is protected from fatigue overload via its mechanical stop during maximal flexion (Fig. 1) . Thus, the DCI is capable of segmental stabilization and protecting the posterior elements from excessive motion. 28 The DCI is a single-piece, titanium U-shaped implant, with no polyethylene core, that is placed into the disc space and secured to the endplate with serrated teeth, thus obviating the need for fixation via vertebral body screws or keels that may compromise the mechanical integrity of the vertebral endplate. The single metallic piece with no polyethylene/metallic articulation eliminates particulate wear and the potential for wear debris-induced osteolysis. 17 The current second-generation device with a more rectangular shape and ancillary technical improvements has been used since 2008 in more than 9500 spinal levels worldwide to date.
methods patient population
Fifty-three consecutive patients with 1-, 2-, or 3-level cervical disc disease from C-3 to C-7, with neck and arm pain recalcitrant to at least 6 weeks of conservative treatment, underwent anterior cervical discectomy and stabilization with the second-generation DCI device by the first author (G.M) between May 2008 and March 2011, assisted by coauthors during follow-up. Forty-seven patients (89%) completed clinical and radiographic outcomes at 24 months. Six patients (11%), 5 with 1-level and 1 with 3-level surgeries, were lost to follow-up before 24 months were completed: 1 emigrated, 2 had another serious health condition (ongoing Parkinson disease, and lymphoma), and 2 did not want to continue the full study after 12 months. All had an uneventful postoperative outcome and a functional device at 12 months. One patient experienced device migration requiring removal, without further therapy and a good outcome. The indication to operate was primarily an overlap of disc herniation (43%), degenerative disc disease (DDD; 39%), and stenosis (18%). In 12 patients, the DCI was indicated to treat DDD that had developed at a level adjacent to a prior ACDF. In 2 patients, surgery was performed at the level adjacent to a previous cervical disc arthroplasty. The remaining 39 patients were index-level surgeries. There were 27 women and 26 men in the study with an average age of 50 years (range 25-79 years). Forty-two (79%) of the 53 treated patients were implanted for single-level cervical disc disease, 9 (17%) for 2-level, and 2 (4%) for 3-level contiguous cervical disc disease. The 58 treated levels in 47 patients who completed follow-up represent the basis of this study. 
clinical outcomes
All patients included in this series were symptomatic for radiculopathy or beginning myelopathy. Patients with chronic myelopathy and pure discogenic neck pain were excluded from this study. Clinical outcomes were assessed using Neck Disability Index (NDI) scores at baseline and at each available postoperative time point (3, 6, 12 , and 24 months). Visual analog scale (VAS) scores for neck and arm pain as well as neurological function were also collected at each available postoperative time point. At 24 months postoperatively, patients were also asked whether they would undergo the surgery again, and to rate their postoperative satisfaction as very satisfied, somewhat satisfied, somewhat dissatisfied, or very dissatisfied. Data analysis was performed with GraphPad Prism software (version 5.0d, GraphPad Software). A paired ttest (2-tailed) was applied with the significance level set at p = 0.05.
radiographic outcomes
Functional and neutral radiographs were documented and assessed preoperatively and postoperatively to analyze motion and/or any abnormality. Postoperative examination concentrated on the variables of motion, heterotopic ossification (HO), and device subsidence or migration. Cervical alignment from C-2 to C-7 (Cobb angle), functional spinal unit (FSU) angle, and the ROM of the index level and adjacent cervical levels were measured by the site with Web 1000 software (AGFA). For overall cervical curvature of C2-7, patients were classified as lordotic (≥ 10°), neutral (0°-10°), or kyphotic (< 0°). For FSU angle, patients were classified as lordotic (≥ 5°), neutral (0°-5°), or kyphotic (< 0°).
Surgical technique
A standard Smith-Robinson approach was made to the anterior cervical spine. Placement of the patient in slight cervical lordosis while maintaining his or her shoulders downward is routinely used under lateral fluoroscopy. A discectomy sparing the cartilage and foraminal decompression using a combination of curettes, pituitary rongeurs, and high-speed bur are used. The anterior vertebral osteophytes are not removed so as to not promote HO. With respect to the posterior disc-osteophyte complex, care is taken to remove this osteophyte to fully seat the U-shaped part of the device (Fig. 2 ). Failure to remove the posterior osteophyte may lead to suboptimal decompression and device placement, but also lack of required fixation. Complete excision of the posterior longitudinal ligament is routinely performed to complete neural decompression. Osseous and epidural bleeding (promotion of HO) is controlled with hemostatic glue, avoiding bone wax and microcoagulation near neural structures. Trial inserts are used to identify the proper implant size. Device undersizing may lead to poor fixation and implant migration. The largest possible device that can be safely placed should be selected to maximize device-endplate contact and to gain support from the apophyseal rim. The trial insert is advanced under fluoroscopic guidance to ensure safe placement. A depth-controlled stop mechanism allows for safe and controlled device placement in the anterior-posterior direction (Fig. 3) . The implant should be placed as posteriorly as possible with the apex of the U-shaped part of the device lining up with the posterior cortical rim, as visualized using intraoperative fluoroscopy. The teeth of the implant are optimally fixated to the endplate via Caspar pin compression following device insertion. The device may be replaced or changed using the same insertion instrument if final imaging demonstrates suboptimal positioning. Rinsing the implanted disc space removes remaining blood and bone dust, all potentially promoting HO. Perfect hemostasis is required while closing the wound in 2 layers. Postoperative management consists of unrestricted but careful neck ROM, along with antiinflammatory medications for a 10-day period to reduce the potential for HO.
results clinical outcomes
The VAS pain scores for the neck and affected arm were significantly reduced at each postoperative time point compared with baseline (p < 0.0001; Fig. 4 ). Neurological function improved in 73.3% and was maintained in 26.7% without deterioration at 24 months (Table 1) . Similarly, NDI scores were significantly reduced from baseline at each postoperative time point (Fig. 5A) . Excellent clinical outcomes were maintained at 24 months postoperatively: Patients reported being very satisfied in 91% or somewhat satisfied in 9% of all cases. Similarly, at the 24-month postoperative time point, patients reported that they would definitely choose to undergo the same procedure again in 89% and probably in 11% of all cases. 
radiographic outcomes
In 47 patients with 58 implanted levels and a minimum follow-up of 24 months, the radiographic assessment showed the following (as compared with preoperative dynamic views): good motion (ROM 5°-12°) of the implanted disc space in 33 levels (57%), reduced motion (ROM 2°-5°) in 20 levels (34.5%), and no significant motion (ROM 0-2°) in 5 levels (8.5%). Thus, using the DCI, motion could be preserved in 91.5% at a minimum of 24 months follow-up, in which 8.5% of patients experienced near-complete fusion and 34.5% had reduced but ongoing motion over 24 months. ROM at index levels was measured as 0.5°-14.8° (mean 6.0°) preoperatively and 0.6°-12.2° (mean 5.3°) at 24-months follow-up, i.e., satisfying motion preservation (-5.5%) with DCI (Fig. 5B) . Evolution of mean ROM at upper (from 6.2° to 6.1°, or -1.7%) and lower (from 5.6° to 5.4°, or -4.1%) adjacent levels showed a protective effect for ASD with DCI, without any hypermobility. Global cervical alignment measured by the Cobb angle ranged from -24.8° to 29° (mean 9.9°) preoperatively and from -8.3° to 35.7° (mean 16.3°) at 24 months follow-up, with, respectively, 23 and 27 cases of lordotic angulations, 22 and 19 neutral angulations, and 2 and 1 kyphotic angulations, showing a clear tendency (31.7% improvement) for lordosis with DCI (Fig. 5C ). This coincides with FSU angulation improving from a mean of 3.8° to 5.2° (38.8% improvement). We noticed some HO in 21 patients (35%, according to McAfee et al.; 20 see Table  2 ) from 58 implanted levels: minor (nonbridging) Grade I in 7 (12%), Grade II in 5 (8%), major Grade III in 5 (8%), and Grade IV in 4 (7%), in which 2 of these 4 levels were in the same patient (Table 2 ). HO had no direct impact on clinical results, but major HO (Grade III or IV) resulted in less motion. There was 1 asymptomatic anterior device migration detected (1.7%), and 2 cases of asymptomatic endplate subsidence (3.5%) with a focal incidence on lordosis. Only 1 (2%) of 47 patients had symptomatic accelerated ASD after 24 months, and 2 patients (4%) had a new disc herniation detected at different levels. No posterior device displacement or material breakage occurred. complications and reoperations One patient (2%) experienced an asymptomatic anterior device migration that required implant removal. The migration was detected during the scheduled 6-month followup examination. Because the disc space was nearly fused in the posterior part, no further stabilization was required and final outcome has been good to date, more than 3 years following surgery. Three patients underwent a secondary surgery in another segment during follow-up (6.5%), twice with a DCI for a new, not directly adjacent-level disc herniation (4.3%), and once with a DCI for an accelerated adjacent-disc degeneration (2.2%). This last patient already had DDD when undergoing an operation more than 2 years previously for 2-level disc herniation below this new level and would now be treated at 3 levels in 1 session. All 4 reoperations (9%) had a satisfying evolution. One patient experienced dysphonia, and recovered at 6 months.
illustrative case
This 49-year-old woman complained of pain in the neck and right arm in a C-5 radicular pattern for more than 1 year, and conservative treatment was unsuccessful. The pain was worse in extension, where dynamic radiography showed degenerative retrolisthesis at C4-5 (chronic instability). She had previously undergone an ACDF with intervertebral cage fusion at C5-6 in 2006 for cervical disc herniation. The surgery consisted of decompression and dynamic stabilization with a DCI at C4-5. The 7-mm disc space distraction (no overdistraction) allowed restabilization of the unstable segment. The patient's clinical outcome was excellent with good restoration of disc height, sagittal balance, and motion (Fig. 6 ).
discussion
While ACDF provides excellent, reliable short-term outcomes, the long-term health of the adjacent discs may be compromised as a result of increased loads and transfer of stresses leading to symptomatic ASD. 14, 15 Motion-preservation with TDR produces a physiological distribution of ROM and stresses at operative and adjacent levels, thereby reducing the risk for developing ASD. 7, 8, 29 In fact, the results of recent randomized, prospective multicenter trials comparing TDR with ACDF have confirmed the purported biomechanical rationale for motion preservation and have shown significantly reduced reoperation rates at the adjacent levels with TDR compared with ACDF. 12, [21] [22] [23] 30 Despite the excellent initial clinical record, TDR is not a panacea for all cervical disc disease. Auerbach et al. 2 reported that as many as 47% of patients undergoing surgery for the cervical spine could qualify for TDR using the strict inclusion criteria from the US FDA Investigational Device Exemption randomized prospective trials comparing ACDF with TDR; however, 53% of patients possessed contraindications that precluded candidacy for TDR. Among the most common contraindications observed were 3 or more diseased levels (28.1%), fused adjacent level (10.2%), and the presence of facet degeneration (8.3%). Other limitations of TDR include: increased loading of the facet joints; potential vertebral body fracture or compromise of the mechanical integrity of the vertebral endplate with keel-or flange-based devices; and issues related to long-term wear between the polyethylene core and metal bearing surfaces. 9, 24 Dynamic cervical stabilization with the DCI is a novel treatment approach for cervical disc disease that was initially conceived as a method to combine the potential advantages of fusion and TDR. Dynamic cervical stabilization is predicated on limited index-level motion preservation to reduce the rate of ASD, while precluding lateral bending and axial rotation motion, and thus theoretically protecting the facet joints from excessive stresses. 13, 28 Along the spectrum of motion, the DCI is intended to provide controlled, limited flexion and extension-the primary motions in the subaxial cervical spine-that is greater than that seen with fusion, but less than that achieved with TDR. By protecting the facet joints from lateral bending and axial rotation forces, the DCI is a potential treatment option for patients with facet arthrosis who would otherwise be contraindicated for TDR. 2, 12, 21, 22, 28 Another unique feature is the ability of the device to function as a shock absorber, which allows axial compression in flexion, and limited extension from the neutral position, thereby protecting the adjacent levels from excessive stresses. 28 Furthermore, because fixation of the DCI does not require vertebral body screws, keels, or flanges, and is instead secured to the endplate via serrated edges, this implant may potentially treat multilevel disease without compromising the vertebral endplate architecture and increase the risk for subsidence. Finally, the lack of a metal-polyethylene articulating surface, as noted with several TDR designs, precludes the development of wear debris and the potential for wear-induced osteolysis. Our initial results indicate that the DCI is able to facilitate and maintain excellent neurological decompression and motion-segment stabilization. Clinical outcomes as assessed by the NDI, VAS neck and arm pain scores, and satisfaction indicate that the DCI provides results comparable to ACDF and TDR. 12, 13, 19, [21] [22] [23] 26 The current series included patients undergoing treatment for symptomatic ASD and with the presence of facet arthrosis, both contraindications to receiving TDR. One patient had experienced an acceleration of a radiographic but asymptomatic ASD already present 2 years previously when operated on using a DCI 2 levels below this level. This patient would now be treated at 3 levels in 1 session. A longer follow-up period will be needed to determine the extent to which DCI protects against ASD. Preservation of motion as long as possible was a request when starting with DCI, although slow fusion appears to protect against ASD as neighboring cervical spine structures may adapt over time if we try to maintain or to restore lordosis. 1, 11 Global cervical alignment as measured by the Cobb angle improved from mean of 9.9° preoperatively to 16.3° at 24 months follow-up, with, respectively, 23 and 27 cases of lordotic angulations, 22 and 19 neutral angulations, and 2 and 1 kyphotic angulations, showing a clear tendency for lordosis with DCI, in agreement with FSU angulations improving from a mean of 3.8° to 5.2°. Motion of the device could be preserved in 91.5% at a minimum follow-up of 24 months, in which 8.5% of patients had near fusion, and 34.5% had reduced but ongoing motion over 24 months. Mean ROM at index levels was measured as 6° before surgery and 5.3° after 24 months of follow-up, i.e., satisfying motion preservation (-5.5%) with DCI. Evolution of mean ROM at upper (from 6.2° to 6.1°) and lower (from 5.6° to 5.4°) adjacent levels shows a protective effect for ASD with DCI, without any hypermobility as noted rapidly following segmental immobilization with ACDF. We observed approximately 35% of HO (20% minor HO and 15% major HO), which is in the low range of TDR publications, and probably also related to our perioperative care avoiding blood and bone dust. 3, 12, 21, 22, 26 An interesting paper by Tu et al. analyzed the effects of carpentry on HO and mobility with the Bryan artificial disc using CT scanning, which is much more sensitive to detecting ossification. Shell kyphosis and inadequate endplate coverage had adverse effects in the formation of HO and segmental mobility after arthroplasty, and appropriate carpentry was the more important factor in maintaining segmental motion. 27 While the DCI is intended to provide another treatment option for cervical disc disease and serve as a complement to ACDF and TDR in the spine surgeon's armamentarium, there are certain biomechanical advantages with DCI by providing limited, controlled flexion-extension while limiting axial rotation and lateral bending motions. 28 A recent finite element analysis study compared load sharing on facet joints with Bryan, Prestige LP, and ProDisc-C TDR, in which the unconstrained Bryan disc imposed the greatest stress on the facet joints during flexion and extension, but all 3 TDR-cervical (TDR-C) systems showed increased loads at the joints in lateral bending, attributable to direct impinging contact force. 16 Rousseau et al. performed an in vivo kinematic evaluation of 26 patients treated using the Prestige LP and 25 with the ProDisc-C and found that both disc systems produced flexion-extension centers of rotation located more anteriorly and superiorly, which may consequently increase load in the facet joints, as has been shown in similar lumbar spine models. 16, 24, 25 Galbusera et al. used a finite element analysis model to evaluate a balland-socket TDR-C design and found that anteroposterior positioning of the device affected not only flexion and extension motion, but also affected the facet joint forces in lateral bending and axial rotation. 9 In contrast, by limiting subaxial lateral bending and axial rotation, the DCI may significantly reduce facet joint forces and protect the facet joints from excessive stress, while maintaining index level motion. 13, 28 Another potentially advantageous feature of the DCI design is the use of serrated teeth to fixate the device to the endplate, and the lack of vertebral body screws, flanges, or the need to chisel and place a keeled device. A recent finite element analysis study compared fixation methods and bone-implant interface strain of 3 TDR-C systems and reported that anchorage design is a factor that may contribute to the subsidence. The authors found high contact stresses at the endplate flanges in the Prestige LP device, and at the midline keel fixation of the ProDisc-C, which may initiate bone resorption. 17 In an in vitro cadaver study, Cunningham et al. reported that despite the presence of a keel and taller teeth, "[Prestige LP and Kineflex/C devices] did not demonstrate inordinately greater fixation strength than those configurations with lower profiles." The DCI, due to its nonkeeled, nonflange design that is fixated by serrated teeth alone, does not violate the endplate and potentially increase the risk for fracture or subsidence. Highlights of the current second-generation design, which was first implanted in 2008, include a full spectrum of footprint sizes and a change in the shape of the device footprint from square to rectangular to better accommodate patient anatomy. The serrated teeth allow for adequate device fixation when surgical technique is respected. In this series, only 1 of the 66 devices experienced asymptomatic anterior migration in a hyperactive patient at 6 months follow-up, although dynamic views at 3 months showed an adapted device to treated disc space. Stabilization was probably not adequately achieved at this time in an athletic patient. In only these cases, we now would recommend a cervical collar for 6 weeks during sports participation, although the compliance of the patients is rather difficult if this is not well explained before the procedure. From international feedback of DCI users, we found out that anterior migrations occurred due to surgeon error in device size selection (undersizing), inadequate posterior decompression, or aberrant device positioning (positioned too anteriorly). There have been no reported posterior migrations.
Limitations of this study include a small series with only a 2-year follow-up and no randomization to ACDF or TDR. Longevity of the device has been proven in patients who received the first generation implanted in 2004. There has been no material breakage in more than 150 patients who underwent operations performed personally by the first author (G.M.). There is a bias in the study, as all patients were operated on and followed by the first author, assisted by coauthors.
conclusions
The initial clinical and radiographic results with the DCI appear promising as an alternative to TDR and ACDF in the treatment of cervical disc disease. The DCI affords maximal neurological improvement, along with maintenance of excellent clinical outcomes. The potential biomechanical advantages of DCI over ACDF and TDR-C include the ability to maintain device-level motion and minimize the development of ASD, while protecting the facet joints from excessive stresses noted with other motion-preserving devices during lateral bending, axial rotation, and extension. Fixation of the device to the bone via serrated teeth precludes the need for a central keel or flanges, which reduces the mechanical competency of the endplate, and possibly protects against subsidence or fracture. The presence of only 1 symptomatic ASD at 24 months with DCI in the current study is encouraging, but requires a longer follow-up period to determine the extent to which ASD can be prevented. Proper surgical technique with improved biomechanical understanding could further improve results with this device.
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